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Abstract: Alcohol electrolysis using polymeric membrane electrolytes is a promising route for
storing excess renewable energy in hydrogen, alternative to the thermodynamically limited water
electrolysis. By properly choosing the ionic agent (i.e. H or OH") and the catalyst support, and
by tuning the catalyst structure, we developed membrane-electrode-assemblies which are
suitable for cost-effective and efficient alcohol electrolysis. Novel porous electrodes were
prepared by Atomic Layer Deposition (ALD) of Pt on a TiO-Ti web of microfibers and were
interfaced to polymeric membranes with either H or OH™ conductivity. Our results suggest that
alcohol electrolysis is more efficient using OH™ conducting membranes under appropriate
operation conditions (high pH in anolyte solution). ALD enables better catalyst utilization while
it appears that the TiO>-Ti substrate is an ideal alternative to the conventional carbon-based
diffusion layers, due to its open structure. Overall, by using our developmental anodes instead of
commercial porous electrodes, the performance of the alcohol electrolyser (normalized per mass

of Pt) can be increased up to ~30 times.


mailto:foteini@syngaschem.com

34
35
36

37

38
39
40
41
42
43
44
45
46
47
48
49
50
51

52
53
54
55
56
57
58

59
60
61
62

Keywords: alcohol electrolysis; hydrogen production; porous electrodes; atomic layer

deposition; proton-conducting polymer; hydroxyl ion-conducting polymer

1. Introduction

Hydrogen is a potential energy carrier for storing excess power generated during the intermittent
operation of renewable energy sources. Among the different water electrolysis technologies'?,
the use of polymeric exchange membranes (PEM) allows operation at low temperatures and
production of high purity hydrogen®>. However, the efficiency of PEM electrolysers is mainly
limited by the sluggish kinetics of the oxygen evolution reaction (OER)®. A promising approach
to deal with this issue is to replace OER by the electrooxidation of a sacrificial agent, which can
be an organic compound’®. For the specific case of using alcohols as the sacrificial agent, the
process is called alcohol electrolysis or electrochemical reforming of alcohols’. The power
demands for alcohol electrolysis can be significantly lower compared to conventional water
electrolysis. Table 1 gives indicatively the theoretical potentials and the half-reactions that take
place for the cases full oxidation of the alcohols to CO,. Depending on numerous parameters
(chemical composition and structure of electrocatalyst, pH, electrolyte concentration etc), several
other reactions can take place leading to various intermediate products (CO, carbonates, acetic
)I0-15

acid, acetone etc

1.16

The viability of the process has been discussed by Halme et al.”® in comparison to methanol fuel

cells and by Gutierrez-Guera et al.!’

in comparison to the catalytic routes of alcohol reforming.
Finally, the electrolysis of water-alcohol solutions has potential for other applications, taking into
account that short-chain alcohols are present in industrial wastewater'®. The feasibility of the
concept has been validated using several organic compounds®!**’. The aim of the present study
is to identify promising membrane-electrode-assemblies (MEAs) which can enable cost-effective

and efficient alcohol electrolysis.

Regarding the effect of the polymeric electrolyte, and thus the acidity/alkalinity of the anolyte
solution, we investigated the electrolysis of alcohol-water solutions using both H" and OH
conducting membranes. At the best of our knowledge, no comparison exists in literature between

alcohol-water electrolysers operating with H" and OH" conducting membranes under identical
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temperatures and alcohol concentrations and using the same electrode. The operation principle of

the acidic (H") and alkaline (OH") PEM methanol-water electrolysers is presented in Fig 1.

Table 1. Basic chemical reactions and theoretical potentials for different types of alcohol electrochemical reforming

(Only the cases of full alcohol electrooxidation at the anode are given).

Alcohol

Electrochemical Reactions

Ionic agent

°=-AG°/nF

Methanol

Anode: CH30H + H,0O — CO, + 6H" + 6¢”
Cathode: 6H" + 6" — 3H,

Total: CH;0H + H,O — CO; + 3H,

H+

Anode: 6H,0 + 6e-— 60H + 3H,
Cathode: CH;0H + 60H" — CO; + 5H,0 + 6¢

Total: CH;0H + H,O — CO;, + 3H;

OH"

16 mV

Ethanol

Anode: CH3;CH,OH + 3H,O — 2CO, + 12H* + 12¢”
Cathode: 12H" + 12¢" — 6H,

Total: CH;CH,OH + 3H,0 — 2CO, + 6H»

H+

Anode: 12H,O + 12¢” — 120H" + 6H;

Cathode: CH3CH,OH +120H™ — 2CO; + 9H,0 + 12¢”

Total: CH3;CH,OH + 3H,0O — 2CO, + 6H»

OH"

84 mV

Propanol

Anode: C;H,0H + 5H,0O — 3CO, + 18H" + 18¢
Cathode: 18H" + 18¢” — 9H,

Total: C3H70H + 5H,0 — 3CO» + 9H,

H+

Anode: 18H,0 + 18¢" — 180H" + 9H,
Cathode: C3H7OH + 180H  — 3CO; + 13H,0 + 18¢"

Total: CsH7,0H + 5H,0 — 3CO, + 9H,

OH

106 mV

for 2-propanol
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Figure 1. Operation of PEM cells during electrolysis of methanol-water solutions using polymeric membranes
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with H" or OH" conductivity as the electrolyte.

To optimize the electrode design and address the issue of catalyst utilization, electrodes were
developed via Atomic Layer Deposition (ALD) of Pt on a porous TiO,-Ti substrate. For
comparison reasons, identical experiments were carried out also using conventional Pt/C on
carbon cloth electrodes. ALD is a thin-film deposition technique which has recently attracted
much attention for the fabrication of electrocatalysts. ALD offers uniform dispersion of size-

controllable catalyst nanoparticles over the entire surface of 3D substrates®*->2,

Overall, our results suggest that alcohol electrolysis can be more efficient using OH™ conducting
membranes under appropriate operation conditions (high pH in anolyte solution). Moreover, we
found that the implementation of the ALD process for the electrode preparation and of
alternative TiO»/Ti substrates results in up to ~30 times more efficient catalyst utilization

compared to commercial electrodes (Pt on carbon cloth).

2. Experimental section
2.1 Polymeric membrane with H* conductivity

A Nafion™ 117 membrane with thickness 0.007 inch (Sigma Aldrich) was used as the proton-
conducting electrolyte. Prior to its use, the membrane was treated by successive immersion in 15
wt% H202, 1 M H>SO4 and deionized H>O at 80°C, 2 h for each step. Between each treatment

step, the membrane was rinsed thoroughly with deionized H>O.



93

94
95
96
97
98
99
100
101

102

103

104
105
106
107
108
109
110
111

112
113
114
115
116
117
118
119
120

121

2.2 Polymeric membrane with OH" conductivity

A potassium hydroxide doped para-PBI membrane was used as the hydroxyl ion (OH)
conducting electrolyte and was prepared by following a recently published procedure®. In short,
in order to achieve high doping level of KOH electrolyte, we started from highly phosphoric acid
doped sol-gel p-PBI membrane, which after acid washing and neutralization is subsequently re-
doped with 50 wt% KOH solution. This affordable method allows much higher degree of alkali
doping (and thus much higher OH™ conductivity) than the traditionally applied imbibing method,
where dry PBI is immersed in lower concentration KOH solutions, usually at high temperatures

for a prolonged time.

2.3 Porous electrode preparation

The geometric surface area of anode and cathode was 3.1 cm?. Commercial 1 mg/cm? Pt (20%
Pt/C) on carbon cloth was used for the cathode during all experiments. Two different kinds of
porous electrodes served as the anode of the cell: commercial electrodes with 1 mg/cm? Pt (20%
Pt/C) loaded on carbon cloth (ElectroChem Inc.) and electrodes fabricated via Atomic Layer
Deposition (ALD) of Pt on a porous TiO»-Ti substrate (where TiO; represents the native oxide
surface). As described elsewhere®, Ti-felts (Bekinit, 20 pm microfibers, 80% porosity) were
cleaned by sonication in acetone and in ethanol for 20 min, respectively and rinsed with

deionized water.

Pt was deposited on the porous TiO>-Ti felt by 100 ALD cycles using a home-made deposition
system described in detail elsewhere®™. The base pressure of the reactor was <107° mbar.
MeCpPtMe; (98% from Sigma Aldrich) was used as precursor and O, gas at 1 mbar as reactant.
The precursor was contained in a stainless steel cylinder, heated at 30 °C, and brought into the
reactor using Ar as carrier gas. The lines from the precursor to the reactor were heated to 50 °C
and the reactor wall to 90 °C. The ALD recipe starts by dosing MeCpPtMe;3 for 4 s, then using 3
s of Ar to purge the precursor line, followed by 3 s of pumping down. Then O gas is dosed for
10 s and afterwards the reactor is pumped down for 10 s. The deposition was carried out with the

substrate holder maintained at 300 °C.
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2.4 Characterization of Pt/TiO>-Ti prepared by ALD

The surface morphology of the Pt/TiO>-Ti electrode was characterized with a scanning electron
microscope (FEI Quanta 3D FEG, at an acceleration voltage of 15 keV and working distance of
10 mm) and transmission electron microscope (JEOL ARM 200 probe corrected TEM, operated
at 200 kV, equipped with a 100 mm Centurio SDD EDS detector). The TEM sample was created
by peeling off individual fibers from the sample, and subsequently gluing them to a copper
support. The fibers themselves were far too thick to be electron transparent. In some thin edges
of the fibers, Pt particles could be imaged. Based on the open structure of the fiber network we

assumed that the images show a Pt distribution that is representative for the entire sample.

Rutherford Backscattering (RBS) analysis®® was performed with a 2 MeV “He beam delivered by
the 3.5 MV HVE Singletron installed at DIFFER (figure S1). In this particular case, the angle of
incidence could not be freely chosen and amounted to 41° with respect to the sample normal.
The particle detector was located at a scattering angle of 147°, resulting in an 8° exit angle of the
scattered particles with the sample normal. The combination of the non-perpendicular incidence
angle with the fiber-like texture of the samples gave rise to shadowing effects; a large fraction of
the incidence ions reached the sample ‘under’ fibers which blocked scattered particles on their
way to the detector. Fortunately, this fraction was equal for all samples and amounted to 374+3%.
The Pt loading is determined by simulation performed by WiNDF?’. For these simulations, 63%
of the actual charge has been used. The final Pt loading is estimated to be 0.025 mg/cm?, which
has a similar order of magnitude to reported loadings after 100 Pt LD cycles on electrodes for

PEM fuel cells®.

2.5 Experimental setup and methods

The experiments were carried out in a dual-chamber, separated electrochemical reactor made
from borosilicate glass (Pine Research Instrumentation, figure S2) as described elsewhere**. The
catholyte chamber was filled with 0.3 M H2SO4 or 0.3 M KOH solution for the experiments with
H" and OH conducting membranes respectively. The alcohols (methanol, ethanol, iso-propanol,

Sigma Aldrich, >99.5%) were introduced in the anolyte after mixing with proper amounts of
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H>SO4 or KOH solutions. Between studies of different alcohols, the MEA was washed by

immersion in ultrapure water and dried in air at 70°C.

The experiments were carried out at room temperature. Polarization data were collected using an
Ivium Vertex potentiostat, equipped with an integrated impedance interface. The cell impedance
was measured using a frequency range from 10 kHz to 10 mHz with a potential amplitude of 10

mV. All overpotential values are calculated versus the potential at zero cell current.

3. Results and discussion
3.1. Acidic vs alkaline membranes

Figure 2 gives a comparison of the potential losses when alcohol electrolysis is carried out with
H" or OH" conducting membranes. The total cell overpotential, 7w, is shown together with its
anodic (7a), cathodic (7cun) and ohmic (7onm) components. For the experiments of Figure 2, a
commercial anode of Pt/C on carbon cloth was used during the electrolysis of methanol, ethanol

and iso-propanol.
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Figure 2. Effect of the cell current on the total cell overpotential and on the individual anodic, cathodic and ohmic
overpotentials for (a,d) methanol, (b,e) ethanol, (c,f) iso-propanol. Figures a, b, ¢ correspond to operation with H
conducting polymeric membrane (Nafion) and data are obtained by our previous study**, Figures d, e, f correspond
to operation with OH™ conducting polymeric membrane (KOH doped-PBI). Forward scans are presented. Sweep rate

is 10 mV/s. Anolyte: 5.5 M alcohol + 0.2 M H,SO4 (a,b,c) or 0.2 M KOH (d,e,f).
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As discussed in our previous study** for the case of H' conducting electrolyte (Nafion),
overpotentials mainly originate from the slow anodic reaction (alcohol electrooxidation). In this
study we replaced Nafion by an OH™ conducting membrane (KOH doped PBI), and we observed
that the anodic losses become much lower for both methanol and ethanol electrolysis, while on
the other hand ohmic losses become larger. It is well-known that alkaline membranes cannot
reach the conductivity of Nafion®. As a result, with the KOH doped-PBI membrane, anodic and
ohmic losses contribute almost equally to the total cell losses for the cases of methanol and
ethanol electrolysis. A small cathodic overpotential (~60 mV) was observed only during ethanol
electrolysis using the alkaline membrane. As discussed later, this observation is in line with EIS
measurements and can be attributed to extended ethanol crossover through the polymeric
membrane that causes the blocking of the cathodic active sites. The performance during
electrolysis of iso-propanol shows high anodic overpotentials at both acidic and alkaline
polymeric electrolytes, suggesting that iso-propanol electrolysis is not a viable technology under
the tested conditions. We assume that the high anodic overpotentials obtained with iso-propanol

are mainly related to the formation of strongly adsorbed intermediates***°.

The beneficial role of the alkaline membranes towards the minimization of anodic losses is
clearly depicted in Table 2. The observed behaviour is in agreement with fundamental studies on
alcohol electrooxidation in aqueous media which have demonstrated an increased electrocatalytic
activity at alkaline pH®""*2. Even though the use of OH™ conducting membranes seems a priori as
more promising for alcohol electrolysis due to the enhanced kinetics at high pH, the majority of

13! were the

studies in the field utilize polymeric electrolytes with H™ conductivity. Tuomi et a
first to carry out electrolysis of methanol-water solutions using an OH" conducting polymeric
membrane. However, the obtained overall performance was inferior to previous studies with H
conducting membranes, but it was unclear to the authors if this was related to the lower metal
loading used in their study or to the low ionic conductivity of the alkaline membrane. Our
analysis is performed using anodes with identical metal loadings and indicates that even though
electrocatalysis is favored at alkaline media (anodic overpotentials are lower, Table 2), the high
ohmic losses associated with the slow OH™ transport through the doped-PBI membrane have a

great impact on the overall performance of the electrolyser under the operational conditions of

the experiment of figure 2.
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Table 2. Comparison of the current for different values of anodic overpotential, ionic agents and kinds of alcohol.

Data for Nafion are obtained from literature*.

Anodic Current / mA
overpotential Methanol Ethanol Iso-propanol
H* OH H* OH H* OH
02V 17.1 21.9 10.1 21.4 6.8 7.3
03V 25.9 33.0 15.9 33.0 10.8 11.3
04V 35.4 43.9 22.5 43.7 14.7 14.6

However, the comparison between acidic and alkaline electrolysers should be carried out
carefully, since the operational parameters can greatly affect the performance. Specifically, the
ionic conductivity of alkaline membranes is known to show high dependence on the KOH
concentration®®’. On the other hand, it has been reported that the performance of ethanol
electrolysers with acidic membranes can be enhanced up to 20% upon properly adjusting the pH
(by tuning the H>SO4 concentration in the anolyte feed), but this effect is only related to
electrocatalytic properties of the anode since the ohmic resistance of Nafion remained unchanged

upon pH variations in the acidic regime®®.

To allow a more fair comparison, we performed measurements with identical electrochemical
cells operated with different KOH concentration in the anolyte solution. A ~70% increase in the
overall cell performance was obtained by increasing the KOH concentration in the anolyte
solution (figure 3a) by a factor of five. Deconvolution of the overpotential losses indicated that
the improved overall performance under the more alkaline anolyte is only the result of enhanced
ionic conductivity (figure 3c). The ohmic overpotential was the only type of overpotential
affected by the changes in KOH concentration, as a result of higher ionic conductivity of the
doped-PBI and also of the alcohol-KOH solution. As figure 3b shows, the anodic overpotential
remains unchanged over the investigated current range upon alterations in the alkalinity of the
anolyte solution, implying that electrocatalysis is not affected by the changes in KOH
concentration from 0.2 M to 1.0 M. Overall, the results of figure 3 clearly indicate that under
proper operation conditions, alcohol electrolysers with alkaline membranes are more appropriate

for practical applications, compared to those operated with acidic membranes.

10
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Figure 3. The dependence of current on total (a), anodic (b) and ohmic (c) overpotential using the doped-PBI
membrane during electrolysis of 5.5 M ethanol mixed with 0.2 M and 1.0 M KOH solutions. Sweep rate is 10 mV/s.

Electrochemical Impedance Spectroscopy (Figure 4) was used to further characterize the
electrolysers. As discussed in our previous study**, the ohmic resistance is affected by the
presence of alcohols for the case of Nafion-based cells (4.1, 6.5 and 5.0 Q for methanol, ethanol

and iso-propanol respectively) indicating that interfacial phenomena take place and lead to ohmic

11
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losses (changes in Nafion conductivity or membrane swelling). On the other hand, the ohmic
losses remain unchanged for the case of doped-PBI (10.4 Q), indicating that these interfacial
phenomena are suppressed (the presence of alcohols causes less degree of swelling and/or

negligible changes in the ionic conductivity of doped PBI membranes).

The low-frequency semicircle at the Nyquist plot is related to the anodic reaction since it is
clearly affected by the kind of alcohol and the type of polymeric membrane. The high-frequency
semicircle at the Nyquist plot is related to the cathodic hydrogen evolution reaction. Its width is
related with the cathodic charge transfer resistance, which is independent of the nature of the
alcohol for the case of Nafion, while it shows a small dependence on the alcohols for the case of
KOH doped-PBI (7.8, 8.6 and 7.9 Q for methanol, ethanol and iso-propanol respectively). The
higher cathodic resistance (figure 4) and cathodic overpotential (figure 2e) observed only in
presence of ethanol, provide evidence for extended ethanol crossover through the KOH doped-

PBI membrane.
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Figure 4. Nyquist spectra at open-circuit conditions with different alcohols using Nafion (top) and doped-PBI
(bottom) polymeric electrolytes. Anolyte: 5.5 M alcohol + 0.2 M H,SO4 or 0.2 M KOH. Data for Nafion adopted

from reference 44.
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3.2. Novel porous electrodes

As described in the experimental section, we explored a novel type of electrode by using ALD
for depositing Pt on a porous TiO»-Ti substrate. TEM images of the Pt/TiO>-Ti electrode are
shown in Figure 5. The presence and uniform distribution of the Pt particles can be clearly
discerned. Pt nanoparticles with an average size of 10 nm were obtained, but larger agglomerates

are also present.

This electrode was interfaced to the one side of Nafion and KOH doped-PBI membranes and
served as the anode during methanol electrolysis in acidic and alkaline media, while using a

commercial Pt/carbon cloth cathode.

T

910, nm

Figure 5. HAADF-STEM images displaying the Pt particle size on TiO,-Ti substrate after 100 ALD

cycles.

Figure 6 shows the overall cell performance when using as the anode the novel Pt/TiO>-Ti
electrode and the commercial Pt/C electrode. To enable comparison, per-mass normalized
currents (j) are presented in the polarization curves, while for better visualization j values are
multiplied by a factor of 10 for the case of commercial Pt/C anode. The Pt/TiO,-Ti allowed for
up to 30 times higher Pt utilization compared to commercial electrodes when used with the
KOH-doped PBI membrane. When interfaced to Nafion membrane, the novel electrode shows up

to 10 times larger mass-normalized currents over the commercial electrode.

13
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Figure 6. Polarization curves during methanol electrolysis using the novel Pt(ALD)/TiO-Ti electrode and the
commercial Pt/C carbon cloth electrode interfaced to (a) Nafion and (b) the doped-PBI membrane. Anolyte: 5.5 M
methanol mixed with (a) 0.2 M H,SO4 and (b) 0.2 M KOH solutions. Normalized current densities are 10 times

multiplied for Pt/C. Sweep rate is 10 mV/s.

Literature studies have reported 5-10 fold enhancement in the performance of PEM fuel cells and
water electrolysers upon depositing Pt by ALD on carbon-based diffusion layers, which is
typically attributed to the uniform structural characteristics of Pt due to the deposition
technique®®®®. We believe that in our case, the difference in performance is related to both the
different Pt characteristics between the two anodes’ (loading, particle size, particles geometry)
and also to the open structure of the TiO>-T1 substrate which facilitates the transport of reactants
and products’!72. It has been observed in literature, that the use of TiO»-based supports instead
of C-based, can induce metal-support interactions which affect the electrocatalytic oxidation of

alcohols”>™*. However, it is not clear if these phenomena play a role also in our system.

Another interesting feature is the complexity of the voltammograms of figure 6. Forward and
backward scans were identical with the Pt/C anode, while this is not the case for Pt/Ti0,-Ti. As
shown in figure 6a, peaks in the voltammogram are observed due to the formation/oxidation of
intermediate carbonaceous species. Using the doped-PBI, the hysteresis characteristics are

suppressed and the voltammogram becomes less complex. This could be due to different reaction

14



311 mechanisms in acidic and alkaline media and to less accumulation of adsorbed intermediate

312  species.
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316 Figure 7. Nyquist spectra during methanol electrolysis using the Pt/TiO,-Ti electrode and the commercial Pt/C
317 carbon cloth electrode interfaced to (a) Nafion and (b) the KOH doped-PBI membrane. Anolyte: 5.5 M methanol
318  mixed with (a) 0.2 M H,SO4 and (b) 0.2 M KOH solutions.

319

320  Figure 7 presents the Nyquist plots during methanol electrolysis using the two different anodes

321  together with Nafion and the doped-PBI membrane. The semicircles in the Nyquist plots merge

322 when the novel anodes are used, indicating comparable time-constants of the anodic and cathodic

323  reactions. The ohmic resistance of the cell is lower for the cell with the Pt/TiO,-Ti anode.

324  Specifically, the ohmic resistance with the Nafion-based cells is 2.9 Q for Pt/TiO,-Ti anode and

325 4.1 Q for the Pt/C anode, while with the cells with the KOH doped-PBI electrolyte the ohmic

326  resistance is 6.9 Q for Pt/Ti0,-Ti anode and 10.4 Q for the Pt/C anode (figure 7). Based on the
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resistance values and polarization data, Table 3 gives a detailed comparison of the actual

performance of the electrolysers in terms of current and ohmic and total overpotentials.

Table 3. Polarization data and overpotential values for acidic and alkaline methanol electrolysis with Pt/C and

Pt/Ti0,-Ti anodes.

Acidic Alkaline
n=1Vv I=35 mA n=1v I=35 mA
Pt-mass/ Mot /
Anode I/mA | owm/V | nV I/mA | owm/V | 1V | Qowm/V
HS Vv
Pt/C 3100 62 0.25 0.56 0.15 47 0.49 0.69 0.36
Pt/T10,-
T 77.5 16 0.05 1.50 0.10 29 0.20 1.14 0.24
i

EIS measurements using the plain substrates without any Pt loading also confirmed the lower

resistance of the TiO»-Ti substrate (figure 8). In our view, this difference can be attributed to the

presence of a hydrophobic microporous layer on the carbon cloth, but not on the TiO»-Ti

substrate, and which can affect negatively the conductivity of gas diffusion substrates

12

o ® 5.5M Methanol + 0.2M H,S0,

Tio,-Tifelt °
o]

L
s Carbon Cloth

o]
O e
o e
c &

S

/-

4 8 12

16

75-76




338

339
340
341

342

343

344

345
346
347
348
349
350
351

352
353
354
355
356
357
358
359
360

12

TiO,-Ti felt . 5.5M Methanol + 0.2M KOH
° L ]
c 8f ° e Carbon Cloth
—~ o]
=2 L
© o]
l\..IE 4L © :
° .
o »
/
O L ; L L L L L L L L L L
0 4 8 12 16 20 24
ZreaI/ Q (b)

Figure 8. Nyquist spectra during methanol electrolysis using the plain TiO,-Ti and carbon cloth
substrates (no Pt loading) interfaced to (a) Nafion and (b) the doped-PBI membrane. Anolyte: 5.5 M
methanol with (a) 0.2 M H,SO4 and (b) 0.2 M KOH solutions.

4. Conclusions

Optimized membrane-electrode-assemblies were developed for the electrolysis of CI-C3
alcohols, by properly selecting the kind of polymeric electrolyte and by designing optimized
porous electrodes. In order to investigate the effect of the electrolyte, we carried out identical
experiments of alcohol electrolysis with commercial electrodes using H" and OH™ conducting
polymeric membranes. The experiments were carried out under identical temperatures and
alcohol concentrations and using the same electrode, while the pH of the anolyte solution was

adjusted accordingly.

By deconvoluting the overpotential components, we found that the performance of both alkaline
and acidic electrolysers is limited by potential losses due to slow alcohol electrooxidation
(anodic overpotential) and slow ion transfer (ohmic overpotential). Anodic overpotential is
diminished when OH™ conducting polymers are used as the electrolyte (KOH-doped PBI), in
agreement with literature studies using aqueous electrolyte solutions which report increased
reaction rates in alkaline media. On the other hand, the ohmic losses in the OH™ conducting
alcohol electrolyser are higher, due to the lower conductivity of these membranes compared to
the H" conducting Nafion. However, the conductivity of KOH-doped PBI membranes can be
tuned by changing the pH of the anolyte solution. Overall, our results suggest that under
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appropriate operation conditions (high pH), alkaline alcohol electrolysis can be more efficient

than acidic alcohol electrolysis, since both anodic and ohmic overpotentials are minimized.

The second goal of this study was to design novel anodes with enhanced catalyst utilization. For
this reason, Atomic layer Deposition of Pt was carried out on a porous TiO»-Ti substrate and the
developmental anode was implemented in alkaline and acidic electrolysers. Up to ~30 times
more efficient catalyst utilization was achieved compared to the commercial Pt on carbon cloth

anodes, as a result of optimized morphological electrode characteristics.
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Figure S1. The experimental (solid black line) and simulated (solid red line) RBS spectrum of the Pt/TiO,-
Ti sample. The simulated elemental contributions are over-plotted using dashed lines. The legend indicates

the corresponding elements.
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Figure S2. Schematic representation of the electrochemical cell. The two chambers are separated by the

MEA and a metallic clamp is used to hold together the assembly. The Ag/AgCl reference is inserted at the

cathodic chamber.
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